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ABSTRACT 

Severe acute respiratory syndrome coronavirus (SARS-CoV) and Ebola, Hendra, and Nipah viruses are members of different 
viral families and are known causative agents of fatal viral diseases. These viruses depend on cathepsin L for entry into their tar¬ 
get cells. The viral glycoproteins need to be primed by protease cleavage, rendering them active for fusion with the host cell 
membrane. In this study, we developed a novel high-throughput screening assay based on peptides, derived from the glycopro¬ 
teins of the aforementioned viruses, which contain the cathepsin L cleavage site. We screened a library of 5,000 small molecules 
and discovered a small molecule that can inhibit the cathepsin L cleavage of all viral peptides with minimal inhibition of cleavage 
of a host protein-derived peptide (pro-neuropeptide Y). The small molecule inhibited the entry of all pseudotyped viruses in 
vitro and the cleavage of SARS-CoV spike glycoprotein in an in vitro cleavage assay. In addition, the Hendra and Nipah virus 
fusion glycoproteins were not cleaved in the presence of the small molecule in a cell-based cleavage assay. Furthermore, we dem¬ 
onstrate that the small molecule is a mixed inhibitor of cathepsin L. Our broad-spectrum antiviral small molecule appears to be 
an ideal candidate for future optimization and development into a potent antiviral against SARS-CoV and Ebola, Hendra, and 
Nipah viruses. 

IMPORTANCE 

We developed a novel high-throughput screening assay to identify small molecules that can prevent cathepsin L cleavage of viral 
glycoproteins derived from SARS-CoV and Ebola, Hendra, and Nipah viruses that are required for their entry into the host cell. 
We identified a novel broad-spectrum small molecule that could block cathepsin L-mediated cleavage and thus inhibit the entry 
of pseudotypes bearing the glycoprotein derived from SARS-CoV or Ebola, Hendra, or Nipah virus. The small molecule can be 
further optimized and developed into a potent broad-spectrum antiviral drug. 


S evere acute respiratory syndrome coronavirus (SARS-CoV), 
Ebola virus (EBOV), Hendra virus (HeV), and Nipah virus 
(NiV) are highly infectious zoonotic viruses, with various species 
of bat as the identified natural reservoir (1-6), and are the caus¬ 
ative agents of severe acute respiratory syndrome (7), severe acute 
hemorrhagic fever (EBOV) (8), and fatal encephalitis (HeV and 
NiV) (9, 10). 

Enveloped viruses enter their target cells by fusion of the viral 
envelope with the host cell membrane, delivering the viral genome 
to the cytoplasm (11). SARS-CoV, the Middle East respiratory 
syndrome coronavirus (MERS-CoV), EBOV, HeV, and NiV are 
enveloped viruses that critically require cathepsin L (CatL), a host 
intracellular lysosomal protease, for their glycoprotein processing 
and cleavage, which are required for virus fusion and entry into 
the host cells (12-16). SARS-CoV and EBOV infect the target cells 
after cleavage of their fusion glycoproteins by CatL in the endo- 
cytic vesicles (14, 15). The fusion (F 0 ) protein of HeV and NiV is 
translocated to the membrane during viral assembly and then in¬ 
ternalized, allowing for CatL-mediated cleavage into the F! and F 2 
subunits. The processed F protein is then incorporated into the 
viral particle (12, 13). The high virulence of these viruses and the 
absence of effective therapies or vaccines pose an ongoing threat to 
the public health. Developing a broad-spectrum antiviral drug 


that can inhibit the aforementioned viral infections would repre¬ 
sent a first but potent step for the protection of the public. 

Antiviral drugs can be broadly divided into 4 major classes. 
One group consists of nucleoside analogs that interfere with rep¬ 
lication of the viral genome and includes the first successful anti¬ 
viral drug, acyclovir, which is effective against herpesvirus infec¬ 
tions and can delay HIV-1 progression (17-19). The first antiviral 
drug to be approved for treating HIV, zidovudine (AZT), is also a 
nucleoside analog that blocks reverse transcriptase (20). However, 
these nucleoside analogs can target only viruses that use their own 
polymerases for genome replication, such as HIV and herpesvi¬ 
ruses, as they have lower affinity to cellular DNA polymerase. 
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The second class of antivirals includes inhibitors of viral pro¬ 
teases, which are involved in the processing of viral proteins re¬ 
quired for the final viral assembly and release. Since HIV assembly 
requires a similar protease, considerable effort has been made to 
develop protease inhibitors to treat HIV. Although protease in¬ 
hibitors became available in the 1990s and have proven effective, 
they have shown side effects (21,22). Other limitations of protease 
inhibitor use include the inability to target a wide range of viruses, 
as they are highly specific in their action and the protease is present 
in only certain viruses. 

A third class of antivirals includes inhibitors of virus uncoating 
(23). These agents act on virus penetration and uncoating and 
include amantadine and rimantadine, which were introduced to 
combat influenza (23). According to the U.S. Centers for Disease 
Control and Prevention (CDC), 100% of seasonal H3N2 and 2009 
H INI samples tested have shown resistance to amantadine, which 
is no longer recommended for treatment of influenza (24). 

The final stage in the virus life cycle is the release of matured 
viruses from the host cell, and a fourth class of antivirals has tar¬ 
geted this step. Two drugs, named zanamivir (Relenza) and osel- 
tamivir (Tamiflu), which have been recently introduced to treat 
influenza, prevent the release of viral particles by blocking neur¬ 
aminidase found on the surfaces of influenza viruses (25, 26). 
However, the use of these neuraminidase inhibitors is restricted to 
neuraminidase-containing viruses, and development of resistance 
to this class of drugs is common (27). 

In this study, we made use of a high-throughput screening 
assay (HTSA), optimized in our laboratory, to identify and char¬ 
acterize lead candidates from libraries of small molecules that can 
block the cleavage of the viral glycoproteins without inhibiting 
CatL itself, thus preserving its critical host protease function. We 
identified a candidate molecule in the HTSA that inhibited the 
cleavage of peptides derived from SARS-CoV, EBOV, HeV, and 
NiV glycoproteins, with minimal inhibition of the cleavage of the 
host pro-neuropeptide Y (pro-NPY)-derived peptide. Moreover, 
the identified molecule inhibited the entry of all four types of 
pseudotyped viruses into mammalian cells. Additionally, mecha¬ 
nistic studies indicated that the candidate molecule is a mixed 
inhibitor of CatL activity. These results demonstrate the utility of 
our HTSA in the identification of a potential broad-spectrum an¬ 
tiviral lead molecule that can block SARS-CoV, EBOV, HeV, and 
NiV entry into cells. 

MATERIALS AND METHODS 

Cells. 293FT cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Cell gro) supplemented with L-glutamine (2 mM) (Invitrogen, 
Grand Island, NY), sodium pyruvate (1 mM) (Invitrogen), minimal es¬ 
sential medium (MEM) nonessential amino acids (Invitrogen), and 10% 
fetal bovine serum (FBS) (Invitrogen). The cells were used for the prepa¬ 
ration and entry inhibition assays of different pseudotypes bearing SARS- 
CoV-S,EBOV-GP, HeV-G and -F, NiV-Gand -F, and vesicular stomatitis 
virus G (VSV-G) glycoproteins. The 293FT cells transiently transfected 
with the human ACE2 expression plasmid (a gift from Michael Farzan) 
were used for the SARS-CoV-S pseudotype entry inhibition experiments. 

Virus- and host-derived peptide synthesis. Ten-amino-acid peptides 
derived from the glycoproteins of SARS-CoV (S, amino acids 674 to 683) 
(28), EBOV (GP, amino acids 196 to 205) (29), HeV (F 0 , amino acids 105 
to 114) (12, 30), and NiV (F 0 , amino acids 105 to 114) (13, 31), the host 
pro-neuropeptide Y (pro-NPY) (amino acids 34 to 43) (32), and host 
peptide F (Pep F) (amino acids 1 to 10) (33) containing the CatL cleavage 
sites were synthesized and labeled on the N terminus with 5-carboxyte- 


tramethylrhodamine (TAMRA) as a light quencher and on the C terminus 
by 5-carboxyfluorescein (5-FAM) as a light emitter in the Protein Re¬ 
search Laboratory at the University of Illinois at Chicago (UIC). A simi¬ 
larly designed peptide derived from mouse hepatitis virus (MHV) glyco¬ 
protein (S) (amino acids 713 to 722) was used as a control (28). The 
labeled peptides were purified using reversed-phase high-performance 
liquid chromatography (HPLC). 

Mass spectrometry. The SARS-CoV-S-, EBOV-GP-, HeV-F 0 -, NiV- 
F 0 -, host pro-NPY-, and host Pep F-derived labeled and unlabeled pep¬ 
tides (1 pM) were incubated with 1 pg/ml of human CatL (Sigma- 
Aldrich, St. Louis, MO) for 1 h at room temperature (RT) in ammonium 
acetate buffer (pH 5.5) containing 4 mM EDTA and 8 mM dithiothreitol 
(DTT). The cleavage products were analyzed by matrix-assisted laser de¬ 
sorption ionization-time of flight (MALDI-TOF) mass spectrometry in 
the UIC Protein Research Laboratory. 

Optimization of the HTSA. The high-throughput screening assay 
(HTSA) used in this study is a fluorescence resonance energy transfer 
(FRET)-based assay. The labeled SARS-CoV-S protein-derived peptide 
was used as a substrate in the primary screen. The assay was optimized in 
black 384-well plates (Thermo Scientific, Pittsburgh, PA) by adding 1 
p-g/ml human CatL (Sigma-Aldrich) to 3 pM labeled SARS-CoV-S pep¬ 
tide and by adding 0.25, 0.5, and 1 p-g/ml CatL to 1 p-M SARS-CoV-S 
peptide in a 50-pl total volume of ammonium acetate (NH 4 Ac) buffer 
(pH 5.5) supplemented with 4 mM EDTA and 8 mM DTT, followed by 
incubation at room temperature. The fluorescence was measured over 
time, at 535 nm after excitation at 485 nm, using a fluorescence reader 
(Tecan Infinite F200 Pro; Tecan Group Ltd., Morrisville, NC) at the UIC 
HTS facility. Similarly, the EBOV-GP, HeV-F 0 , NiV-F 0 , MHV-S, host 
pro-NPY, and host Pep F peptides were tested by incubating 1 pM peptide 
with different concentrations of CatL (0.25, 0.5, and 1 p-g/ml). The rate of 
the reaction was measured from the slope of the curve. The quality of the 
screening assay (Z factor) was determined as follows: Z factor = 1 — 
(3[tr p + cr n ]/lp, — p n l), where c p = standard deviation of the positive 
signal, cr n = standard deviation of the negative signal, p = mean of the 
positive signal, and p n = mean of the negative signal. Z factors between 
0.5 and 1 were considered excellent. 

Screening for inhibitors of CatL-mediated cleavage of viral peptides. 
A library of5,000 small molecules (Chembridge Diverset Library), at a 40 p-M 
concentration, obtained from Chembridge Corporation (San Diego, CA) was 
tested in duplicates for inhibiting CatL-mediated cleavage. The peptide at a 1 
p-M concentration mixed with the small-molecule library was incubated with 
0.25 pg/ml CatL in 50 pi of reaction buffer at pH 5.5 for 45 min at room 
temperature. The reaction was stopped with 10 p-10.5 M acetic acid, and the 
fluorescence intensity was measured using a fluorescence reader (Tecan Infi¬ 
nite F200 Pro; Tecan Group Ltd.). The percent inhibition was calculated us¬ 
ing the following formula: fluorescence signal in the absence of the small 
molecule — fluorescence signal in the presence of the small molecule X 100/ 
fluorescence signal in the absence of the small molecule — fluorescence signal 
in the absence of the enzyme. The top 50 hits that inhibited the cleavage of 
SARS-CoV-S-derived peptide at a cutoff of 61% inhibition were screened in 
duplicates for the inhibition of cleavage of EBOV-GP, HeV-F 0 , and NiV-F 0 as 
well as cleavage of pro-NPY-derived labeled peptides. 

Preparation of pseudotyped viruses. Pseudotyped viruses (EBOV-GP, 
SARS-CoV-S, HeV, NiV, and VSV-G) were generated by cotransfecting 2 X 
10 6 293FT cells (grown in DMEM with 10% FBS) with pHIV-GFP-luc ex¬ 
pression vector (18 p-g), pgagpol HIV vector (1.8 p-g), pHIV-Rev (360 ng), 
and pHIV-TAT (360 ng) (34), along with the pcDNA3.1-S plasmid (10 p-g) 
coding for the SARS-CoV-S glycoprotein, the pcDNA3.1 -GP plasmid (10 p-g) 
coding for the EBOV-GP glycoprotein, or the pcDNA3.1-VSVG plasmid (1 
pg) coding for the VSV glycoprotein (G) using calcium phosphate transfec¬ 
tion according to a previously described protocol (35). For the production of 
HIV/AE, only HIV coding vectors were used for transfection. For HeV and 
NiV pseudotyped viruses, pCAGG expression plasmids coding for G (15 pg) 
and F (5 pg) protein of HeV or NiV were transfected along with HIV vectors 
as described above. The culture medium was changed the following morning 
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and the supernatant collected 24 and 48 h later and pooled. The virus stocks 
were frozen at — 80°C until used. 

Pseudovirus inhibition assay. Different pseudotyped viruses (EBOV- 
GP, SARS-CoV-S, and VSV-G as a negative control), normalized for equal 
infectivity using a HIV-1 p24 enzyme-linked immunosorbent assay 
(ELISA) kit (Express Biotech International, Thurmont, MD), were added 
to 293FT cells in the presence of a 10 p.M concentration of the candidate 
inhibitory small molecules identified in the HTS. For the SARS-CoV-S 
pseudotyped virus inhibition assays, the 293FT cells were transiently 
transfected with human ACE2 expression plasmid (0.4 pg/well), using 
Effectene transfection reagent (Qiagen, Valencia, CA) according to the 
manufacturer’s instructions. On the following morning, the medium was 
changed, and 4 h later, the cells were treated. The virus or virus-molecule 
mixtures were added to 2 X 10 5 293FT cells/well seeded in 6-well plates. 
Seventy-two hours later, the cells were lysed and the luciferase expression 
was determined using a luciferase assay kit (Promega, Madison, WI) ac¬ 
cording to the manufacturer’s instructions. For HeV and NiV, the small 
molecule 5705213 and its derivative 7402683 were used at a final concen¬ 
tration of 100 pM during both pseudotyped virus preparation and trans¬ 
duction. A commercial CatL inhibitor I, Z-Phe-Tyr-CHO (catalog no. 
219421; Calbiochem, Billerica, MA) (10 pM concentration) and dimethyl 
sulfoxide (DMSO) were used as positive and negative controls, respec¬ 
tively. The percent entry inhibition of the candidate small molecule on 
different pseudotypes was calculated using the following formula: lucifer¬ 
ase reading of mock-treated virus — luciferase reading of small-molecule- 
treated virus X 100/luciferase reading of mock treated virus — luciferase 
reading of HIV/AE. 

IC 50 determination. Pseudotypes bearing Ebola virus-GP or SARS- 
CoV-S were added to 293FT cells seeded at a density of 2 X 10 5 cells/well 
in the presence of different concentrations of the small molecule 5705213 
and its derivative 7402683 (1 to 200 pM). Seventy-two hours later, cells 
were lysed and the luciferase expression was determined using a luciferase 
assay kit (Promega). The small-molecule concentration was plotted 
against the percent inhibition of viral entry, and the concentration of the 
small molecule that inhibited the viral entry by 50% (IC 50 ) was deter¬ 
mined. Cathepsin L inhibitor III (catalog no. 219427; Calbiochem) was 
used as a control. 

Cytotoxicity assay (MTT assay). 293FT cells were seeded at a density 
of 10 4 cells/well in 96-well plates. The following day, the cells were treated 
with different concentrations (10, 30, 50, and 100 pM) of the selected 
small molecule, and the cytotoxic effect of the small molecule was assessed 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT reagent) (Roche, Indianapolis, IN) according to the manufactur¬ 
er’s instructions. Briefly, following 24, 48, and 72 h of incubation with 
each small molecule, the cells were washed once with phosphate-buffered 
saline (PBS), and 100 pl/well of fresh DMEM, without phenol red, was 
added. Subsequently, 10 pi of MTT reagent was added to each well and 
incubated for 4 h at 37°C, and then 100 pi of 10% SDS in 0.01 M HC1 was 
added to each well with vigorous mixing and further incubated for 4 h at 
37°C. The optical density (OD) was measured at 595 nm, and the percent 
viability was calculated relative to the untreated control after subtracting 
the background. For determining the 50% cytotoxic concentration 
(CC 50 ) of the small molecule 5705213 and its derivative 7402683, the 
293FT cells were incubated with increasing concentrations (3.9 pM to 2 
mM) of each small molecule, and the cytotoxicity was measured at 72 h 
postincubation as mentioned above. The CC 50 (concentration of the 
small molecule that killed 50% of cells) was determined from the linear 
portion of the curve. Cathepsin L inhibitor III was used as a control, and 
its CC 50 was determined as described above. 

Enzyme kinetics. Different concentrations of the SARS-CoV-S-, 
EBOV-GP-, HeV-F 0 -, and NiV-F 0 -derived labeled peptide (2 to 64 pM) 
were incubated with a fixed concentration of CatL (0.5 pg/ml) in the 
absence or presence of the small molecule 5705213 for 40 min at room 
temperature. The reaction was stopped with 10 pi 0.5 M acetic acid, after 
which the fluorescence was read, at 535 nm after excitation at 485 nm, 


with a fluorescence reader (Tecan Infinite F200 Pro; Tecan Group Ltd.). 
The velocity of the reaction at different substrate concentrations was cal¬ 
culated (fluorescence units/minute) and plotted versus substrate concen¬ 
tration. The inverse velocity was further plotted versus the inverse sub¬ 
strate concentration (Lineweaver-Burk plot), from which the K m and 
Vmax were calculated. 

SARS-CoV-S recombinant protein expression and purification. A 

cDNA encoding the SARS-CoV-S ectodomain (amino acids 12 to 1184) 
was amplified using the pcDNA3.1-S expression plasmid, expressing full- 
length SARS-CoV-S protein, as a template. The forward primer with a 5' 
Nhel 6XHis tag and a reverse primer with a 5' BamHI Flag tag were used 
in the PCR. The PCR product was digested with Nhel and BamHI (New 
England BioLabs, Ipswich, MA) independently and cloned into the pET- 
11b bacterial expression vector (EMD4 Biosciences, Billerica, MA). The 
recombinant plasmid with His-S-Flag DNA was transformed into DE3 
BL21 cells (Agilent Technologies, Santa Clara, CA). The transformed cells 
were induced, at an OD of 0.8, with 1 mM IPTG (isopropyl-(l-D-thioga- 
lactopyranoside) for 2 h, after which the cells were lysed with lysis buffer 
(80 mM Tris-HCl [pH 6.8], 15% SDS, 0.006% bromophenol blue, and 
15% glycerol). The protein expression was detected by Coomassie blue 
staining following separation on 4 to 15% SDS-polyacrylamide gels and 
confirmed by Western blotting using monoclonal anti-Flag mouse anti¬ 
body (Sigma-Aldrich) and secondary anti-mouse horseradish peroxidase 
(HRP)-conjugated antibody (Promega). The His-S-Flag inclusion bodies 
were purified and dissolved in 100 mM Tris-HCl buffer with 8 M urea (pH 
8.8), and the protein was refolded by gradual dilution in a refolding buffer 
(0.1 MTris [pH 8], OHM arginine, 0.1 mM phenylmethylsulfonyl fluoride 
[PMSF], 1 mM EDTA, 5 mM glutathione [GSH], and 0.5 mM glutathione 
disulfide [GSSG]). 

SARS-CoV-S protein cleavage inhibition assay. Purified recombi¬ 
nant SARS-CoV-S protein was incubated for 4 h with 2 p-g/ml CatL in 
ammonium acetate buffer (pH 5.5), containing 4 mM EDTA and 8 mM 
DTT, in the absence or presence of increasing concentrations of the small 
molecule 5705213 and its derivative 7402683. The cleavage of the protein 
was detected by Western blotting using anti-Flag mouse monoclonal an¬ 
tibody (Sigma-Aldrich). 

Inhibition assay of endogenous cleavage of Hendra and Nipah virus 
fusion protein. 293FT cells were plated at a density of 2 X 10 5 cells/well in 
6-well plates and transfected with 2 p.g of Nipah or Hendra virus F 0 ex¬ 
pression plasmid using Polyfect transfection reagent (Qiagen). Four 
hours later, they were treated with the small molecules (5705213 and its 
derivative 7402683) at a 100 p,M concentration. The commercial CatL 
inhibitor I, Z-Phe-Tyr-CHO (Calbiochem), was used as a positive control 
at a 10 p,M concentration. The cells were lysed 48 h later using a lysis 
buffer (50 mM Tris [pH 7.5], 150 mMNaCl, 5 mM EDTA, 0.5% Nonidet 
P-40, and 0.1% SDS), and F 0 processing was determined by Western blot¬ 
ting using cross-reactive anti-Nipah and -Hendra virus F protein mono¬ 
clonal antibody. 

SARS-CoV entry in the presence of TMPRSS2. 293FT cells were 
plated at a density of 2 X 10 5 cells/well in 6-well plates and transfected 
with the human SARS-CoV receptor ACE2 plasmid alone (1 p.g) or with 
the receptor plus increasing amounts of transmembrane protease/serine 
subfamily member 2 (TMPRSS2) protease plasmid (10 to 800 ng) using 
the Polyfect transfection reagent (Qiagen). Twenty-four hours later, the 
cells were transduced with the SARS-CoV-S pseudotyped virus. HIV/AE, 
which does not express the SARS-CoV-S protein, was used as a negative 
control. At 72 h postransduction, the entry was quantified by measuring 
the luciferase expression, as relative light units (RLU), in cell lysates. The 
entry of SARS-CoV-S pseudotyped virus into 293FT cells, transfected 
with either the receptor alone (ACE2 plasmid) or the receptor plus 10 ng 
of TMPRSS2 plasmid, was measured in the presence or absence of differ¬ 
ent inhibitors. Camostat mesylate was used as a TMPRSS2 protease inhib¬ 
itor (Tocris Bioscience, Bristol, United Kingdom) and Z-FY(f-Bu)-DMK 
as a CatL inhibitor (cathepsin L inhibitor III; Calbiochem catalog no. 
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FIG 1 Host- and virus-derived peptides. Peptides composed of 10 amino 
acids derived from the glycoproteins of viruses and human pro-neuropeptide 
Y and peptide F were synthesized. (A) SARS-CoV spike (S) protein-derived 
peptide (amino acids 674 to 683); (B) EBOV-GP protein-derived peptide 
(amino acids 196 to 205); (C) NiV fusion protein (F 0 )-derived peptide (amino 
acids 105 to 114); (D) HeV fusion protein (F 0 )-derived peptide (amino acids 
105 to 114); (E) human pro-neuropeptide Y (pro-NPY)-derived peptide 
(amino acids 34 to 43); (F) human peptide F-derived peptide (amino acids 1 to 
10); (G) control MHV-S glycoprotein-derived peptide (amino acids 713 to 
722). Arrows indicate the cathepsin L cleavage sites in the corresponding pep¬ 
tides. 


219427). All inhibitors were used at a 10 ptM concentration except the 
small molecule 5705213, which was used at a 50 p,M final concentration. 

CatB inhibition assay. The small molecule 5705213 and its derivative 
7402683 were incubated at different concentrations (50 to 200 p,M) with 
cathepsin B (CatB) and its fluorogenic substrate (Sensolyte 520 cathepsin 
B assay kit; Anaspec Inc., catalog no. 72164) for 30 min at room temper¬ 
ature according to the manufacturer’s instructions. The reaction was 
stopped using 10 pi 0.5 M acetic acid, and the fluorescence was read at 535 
nm after excitation at 485 nm (Tecan Infinite F200 Pro; Tecan Group 
Ltd.). The percent inhibition was calculated as before. The CatB inhibitor 
supplied in the kit was used as a control at concentrations of 10 nM, 100 
nM, and 1 p,M. 


RESULTS 

Synthesis of virus- and host protein-derived peptides contain¬ 
ing CatL cleavage sites. Peptides derived from the amino acid 
sequences of glycoproteins of SARS-CoV, EBOV, HeV, and NiV, 
the host pro-neuropeptide Y (pro-NPY), and the host peptide F 
(Pep F), which contained the naturally conserved CatL cleavage 
sites, were synthesized in the protein research laboratory at UIC 
(Fig. 1A to F). The peptide derived from MHV-S glycoprotein was 
used as a negative control (Fig. 1G). The peptides were labeled on 
the N terminus with 5-carboxytetramethylrhodamine (TAMRA) 
as a quencher and on the C terminus with 5-carboxyfluorescein 
(5-FAM) as an emitter. With the intact peptide, no fluorescence 
emission can be detected at 535 nm on excitation of 5-FAM at 485 
nm due to the quenching by TAMRA. In contrast, on cleavage of 
the peptide by CatL, an emission of light at 535 nm can be de¬ 
tected. As determined by mass spectrometry, all labeled and unla¬ 
beled peptides were cleaved at the expected sites (data not shown), 
confirming that the fluorophores did not affect the CatL-medi- 
ated cleavage. 

Optimization of the HTSA. The SARS-CoV-S-derived labeled 
peptide was used initially to optimize the high-throughput screening 
assay (HTSA). The labeled SARS-CoV-S-derived peptide was treated 
with CatL, and the cleavage was measured in the form of increased 
fluorescence over time, with no increase in fluorescence in CatL- 
untreated peptide (Fig. 2A). Although different viral peptides showed 
different rates of cleavage in a dose-dependent manner, the host pep¬ 
tides, particularly the host pro-NPY-derived peptide, was cleaved at a 
higher rate than the viral peptides (Fig. 2B). However, CatL failed to 
cleave MHV-S-derived control peptide (Fig. 2B). The validity of the 
assay was determined based on the Z factor, which was calculated for 
different peptides incubated with 0.5 p,g/ml CatL after stopping the 
reaction with 0.5 M acetic acid. The Z factor was found to be between 
0.5 and 1.0 and thus validated the assay. 

HTS of a small-molecule library identifies potential inhibi¬ 
tors of CatL-mediated cleavage. A library of 5,000 small mole¬ 
cules from Chembridge Corporation (Chembridge Diverset Li¬ 
brary) was tested against the labeled SARS-CoV-S-derived 
peptide. We identified 50 small molecules that inhibited the CatL 




FIG 2 Screening assay optimization. (A) Cathepsin L (0.5 p.g/ml) was incubated with 1 pM labeled SARS-CoV-derived peptide at RT, and the fluorescence 
emitted was measured over time compared to that for untreated peptide (16 replicates each). (B) Cleavage rates for different viral peptides, human pro¬ 
neuropeptide Y (pro-NPY), and peptide F (Pep F), shown as fluorescence units/min calculated from the slope of the curve at different enzyme concentrations. 
Mouse hepatitis virus (MHV) glycoprotein (S)-derived peptide was used as a control. The bars show the averages from an experiment done in triplicates and 
repeated twice with similar results, and error bars represent standard deviations (SD). 
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cleavage of SARS peptide at a cutoff of 61% inhibition (data not 
shown). The validity of the HTSA for small-molecule screening 
was reconfirmed using the means and standard deviations of pos¬ 
itive and negative values. This yielded a Z factor value of 0.61 and 
confirmed the reliability of the CatL-mediated cleavage inhibition 
assay. 

Rescreening of the top 50 hits as potential broad-spectrum 
inhibitors of CatL-mediated cleavage of viral peptides. The top 

50 hits were tested for their ability to inhibit CatL-mediated cleav¬ 
age of EBOV-, HeV-, and NiV-derived peptides and the host pro- 
NPY-derived peptide. Twelve small molecules out of 50 showed 
inhibition of cleavage of all viral peptides relative to a much lower 
level of inhibition of the cleavage of the pro-NPY-derived peptide 
(Table 1). 

HTSA-selected inhibitors differentially inhibit host cell en¬ 
try of pseudotyped viruses. Nine uncolored small molecules out 
of the 12 identified from the HTSA, which showed higher inhibi¬ 
tions of viral peptide cleavage while minimally inhibiting the 
cleavage of pro-NPY-derived peptide, were tested for inhibiting 
the entry of pseudotypes bearing the SARS-CoV-S or EBOV- 
GP glycoprotein. Four (i.e„ 7910528, 7914021, 5705213, and 
5182554) (Fig. 3) of the 9 small molecules were found to inhibit 
the entry of both pseudotypes bearing the EBOV-GP and SARS- 
CoV-S glycoproteins (Fig. 4). The small molecules 7910528, 
7914021, 5705213, and 5182554 showed 23.3% and 30.3%, 51.5% 
and 27.1%, 39.8% and 64.7%, and 60.45% and 49.3% inhibition 
of EBOV-GP and SARS-CoV-S glycoprotein-bearing pseu¬ 
dotypes, respectively. Other tested small molecules surprisingly 
enhanced the entry of pseudotypes bearing the SARS-CoV-S gly¬ 
coprotein. When we tested derivatives of different small mole¬ 
cules, only the small molecule 7402683 showed higher inhibition 
than its parent 5705213 (53.3% and 68.3% inhibition for 
EBOV-GP and SARS-CoV-S pseudotypes, respectively) (Fig. 4). As 
expected, DMSO did not affect the entry of different pseudotyped 
viruses. Similarly, the entry of VSV-G pseudotyped virus was not 
affected by any of the small molecules. These results showed that the 
identified small molecules could specifically inhibit the entry of vi¬ 
ruses that utilize CatL for entry into the target cells. 

The small molecule 5705213 and its derivative are not cyto¬ 
toxic, and their actions are specific. An MTT-based cell cytotox¬ 
icity assay was performed at different time points to test whether 
the EBOV and SARS-CoV pseudotyped virus entry inhibition was 
due to specific effects of the tested small molecules on CatL cleav¬ 
age or due to toxic effects on cell viability or proliferation. The 
small molecules 7914021 and 5182554 were found to be toxic to 
the 293FT cells when treated at concentrations of 10 p,M or above. 
The cytotoxic effect was dramatic for the two small molecules at 
concentrations above 10 (xM after 1 day of incubation with 293FT 
cells (20 to 100% cytotoxicity). This cytotoxicity increased over 
the next 2 days even at a 10 p.M concentration (Fig. 5A). In con¬ 
trast, the small molecule 5705213 and its derivative 7402683 did 
not show significant cytotoxic effects (cell viability was over 80%) 
on the 293FT cells at the 10 to 100 p,M concentration range over 3 
days of incubation (Fig. 5A). This further confirmed the specific 
inhibition of CatL cleavage of EBOV-GP and SARS-CoV-S on the 
surface of pseudotypes by the small molecule 5705213 and its de¬ 
rivative. To further ensure the specific inhibitory effect of the 
small molecules on the viruses that utilize CatL for entry, the pseu¬ 
dotyped virus bearing VSV-G was treated with different concen¬ 
trations of the small molecule 5705213 and its derivative, and the 


TABLE 1 Screening of the top 50 hits against all virus- and host-derived 
peptides 

% Inhibition of peptide cleavage" 


Compound 

EBOV 

NiV 

HeV 

SARS-CoV 

Pro-NPY 

6874634 

44.6 

39.55 

24.79 

91.98 

3.6 

5219666 

32.6 

102.26 

31.07 

98.65 

22.5 

5172420 

6.1 

55.68 

8.20 

42.29 

4.1 

7665576 

-3.8 

63.70 

37.87 

60.65 

2.0 

7928055 

- 16.0 

18.03 

-0.67 

-0.15 

-0.8 

5152606 

31.8 

121.65 

108.40 

82.15 

70.2 

7923236 

31.8 

94.08 

39.17 

88.99 

-2.7 

7909513 

-1.6 

5.15 

5.24 

24.06 

12.0 

5669125 

-1.8 

23.57 

-2.70 

57.39 

3.3 

7798500 

66.3 

53.73 

40.40 

77.83 

21.4 

7938158 

-12.6 

15.92 

-14.40 

1.34 

-5.3 

7793889 

-3.4 

51.07 

-7.77 

76.53 

6.1 

7951692 

10.2 

16.58 

0.34 

14.51 

0.7 

7950181 

-8.6 

6.45 

-9.26 

8.55 

-7.0 

7888659 

66.9 

80.96 

73.49 

79.93 

64.8 

7808526 

9.6 

40.80 

-4.08 

69.24 

1.2 

6572698 

34.0 

31.81 

7.92 

65.51 

-12.1 

5182554 

11.6 

44.08 

42.12 

80.76 

20.5 

7924029 

45.7 

55.7 

32.88 

65.73 

10.1 

7914021 

10.1 

63.91 

24.49 

78.34 

4.8 

7927865 

-3.4 

27.96 

0.86 

52.46 

6.4 

7946410 

5.7 

18.33 

6.50 

24.34 

8.8 

7946204 

-24.6 

12.33 

-7.50 

39.61 

9.6 

5169083 

13.1 

49.78 

35.73 

44.31 

29.9 

5175089 

6.4 

2.06 

-2.85 

38.88 

10.0 

7948109 

6.2 

46.11 

37.33 

38.54 

14.3 

7931205 

10.7 

81.01 

22.44 

50.22 

5.3 

7786009 

2.1 

58.07 

37.22 

51.28 

10.5 

7945999 

-0.6 

55.23 

33.41 

39.55 

4.9 

7948190 

-2.6 

45.06 

7.38 

33.84 

11.8 

7928214 

-6.1 

12.87 

-0.01 

23.55 

0.9 

5705213 

82.4 

88.36 

90.92 

77.79 

18.9 

7910528 

33.4 

57.76 

12.10 

56.45 

10.7 

7976237 

25.4 

31.98 

21.93 

47.55 

15.1 

7927434 

10.5 

-8.16 

-8.72 

-3.09 

1.3 

7948346 

25.2 

49.25 

17.70 

72.37 

10.2 

7914488 

17.4 

30.96 

23.22 

47.94 

2.2 

7557708 

26.8 

39.35 

23.55 

53.23 

2.1 

7927879 

-6.6 

30.39 

3.55 

28.07 

7.9 

7947992 

20.9 

97.85 

32.65 

25.60 

3.4 

7905966 

-12.1 

9.77 

3.23 

37.16 

6.4 

7940158 

12.3 

42.76 

25.12 

61.47 

3.7 

7790059 

1.8 

41.82 

-11.51 

66.62 

1.1 

7760561 

1.1 

27.20 

5.70 

32.44 

15.2 

7945787 

-0.3 

-11.7 

-10.47 

30.53 

-2.5 

7963087 

-1.5 

46.45 

-2.95 

47.39 

4.5 

5728323 

-15.9 

13.74 

-9.09 

49.81 

-0.7 

7946700 

-11.5 

15.09 

-0.72 

51.17 

11.5 

7924129 

-11.7 

-0.50 

-10.37 

41.66 

-1.2 

7944514 

8.05 

12.40 

3.26 

40.85 

8.1 


a Values are average percent inhibitions of the cleavage of viral and host peptides by 
different compounds (40 p-M) tested in duplicates. Results for the 12 small molecules 
out of 50 that showed inhibition of cleavage of all viral peptides relative to a much 
lower level of inhibition of the cleavage of the pro-NPY-derived peptide are in bold. 


luciferase activity was measured at 72 h postransduction. The 
small molecules did not show any significant inhibitory effect on 
the entry of VSV-G pseudotyped virus even at concentrations up 
to 100 p,M (Fig. 5B). While the small molecule 5705213 showed 
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FIG 3 Chemical structures of the small molecules identified by pseudovirus inhibition assay. Four small molecules showed inhibition of both EBOV and 
SARS-CoV pseudotyped virus entry. (A) Compound 5182554 {N-(34-dichlorophenyl)-N^3-(trifluoromethyl)phenyl]urea}; (B) compound 7910528 [N-(3,4- 
dichlorophenyl)-2-oxo-2,3-dihydro-l,3-benzoxazole-6-sulfonamide]; (C) compound 7914021 [N-(3-chlorophenyl)-N 7 -(4-cyanophenyl)urea]; (D and E) 
Compound 5705213 {methyl-N-[4,6-bis(isopropylamino)-l,3,5-triazin-2-yl]-N-cyanoglycinate} (D) and (E) its derivative 7402683 {methyl-N-[4-(terf-butyl- 
amino) - 6 - (ethylamino) -1,3,5 - triazin- 2 -yl ] -N- cyanoglycinate}. 


IC 50 s of 9 jjlM (Fig. 6A) and 15 |xM (Fig. 6B), the derivative 
showed higher potency, with IC 50 s of 6 ptM (Fig. 6C) and 10 p,M 
(Fig. 6D) against SARS-CoV-S and EBOV-GP pseudotyped vi¬ 
ruses, respectively. The commercial cathepsin L inhibitor III, a 
commonly used specific cathepsin L inhibitor (36-38), showed 
IC 50 s of 5 and 7 p,M against SARS-CoV-S and EBOV-GP pseu¬ 
dotypes, respectively (Fig. 6E and F). The CC 50 s for the small 
molecule 5705213, its derivative, and the commercial CatL inhib¬ 
itor III were found to be 400 p,M, 350 ptM, and 420 pM, respec¬ 
tively (Fig. 6G, H, and I). The small molecule 5705213 and its 
derivative 7402683 showed selectivity indices (SI) (CC 50 /IC 50 ) of 
26.7 and 35 against pseudotyped virus bearing EBOV-GP, respec¬ 
tively, while they showed SI of 44.4 and 58.3 against SARS-CoV-S 
pseudotyped virus, respectively. The calculated SI for CatL inhib¬ 
itor III were 84 and 60 against SARS-CoV-S and EBOV-GP pseu¬ 
dotypes, respectively. 

The small molecule 5705213 and its derivative 7402683 in¬ 
hibit CatL-mediated cleavage of SARS-CoV-S-Flag recombi¬ 
nant protein in vitro. To further test the inhibitory effects of the 
small molecules 5705213 and 7402683, we expressed the SARS- 
CoV-S-Flag recombinant protein in Escherichia coli BL21 cells and 


purified the protein. We found that there was a dose-dependent 
cleavage of the recombinant SARS-CoV-S-Flag protein by CatL 
(Fig. 7A), which was inhibited by the small molecule 5705213 (Fig. 
7B) and its derivative 7402683 (Fig. 7C) in a dose-dependent man¬ 
ner at the tested concentrations. 

The small molecule 5705213 and its derivative 7402683 in¬ 
hibit the endogenous processing of Nipah and Hendra virus fu¬ 
sion glycoproteins and the entry of pseudotyped viruses. Next, 
we tested the inhibitory effect of small molecules 5705213 and 
7402683 on the endogenous processing of NiV-F 0 and HeV-F 0 
proteins in 293FT cells transiently expressing the fusion proteins. 
We found that both molecules and the commercial CatL inhibitor 
I were able to efficiently inhibit the endogenous cleavage by CatL 
(Fig. 8A and B). The two small molecules as well as the control 
CatL inhibitor I inhibited the entry of HeV-F 0 and NiV-F 0 pseu¬ 
dotyped viruses into 293FT cells by 80 to 100% (Fig. 8C). As ex¬ 
pected, the VSV-G pseudotyped virus entry was unaffected by the 
small molecules (Fig. 8C). 

A combination of the small molecule 5705213 and a 
TMPRSS2 inhibitor can more dramatically inhibit SARS-CoV-S 
pseudotyped virus entry. The transmembrane protease/serine 



FIG 4 Pseudovirus entry inhibition assay. Selected compounds were tested for inhibiting the entry of pseudotyped viruses bearing SARS-CoV-S or EBOV-GP. 
Ten nanograms of HIV/p24-equivalent pseudoviruses were treated with a 10 pM concentration of each compound for 1 h at RT. Subsequently, 293FT cells or 
293FT cells transfected with human ACE2 expression plasmid were transduced with Ebola virus-GP and SARS-CoV-S pseudoviruses, respectively. The luciferase 
expression was determined at 72 h postransduction, and percentages of inhibitions were calculated. VSV-G pseudotyped virus and DMSO-treated viruses were 
used as negative controls, and cathepsin L inhibitor I (CatL Inh.)-treated cells served as a positive control. Error bars represent SD from a representative 
experiment performed using triplicates. 
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FIG 5 Small molecule 5705213 and its derivative are not cytotoxic, and their actions are specific. (A) Four molecules identified in the pseudovirus entry 
inhibition assay, with the highest inhibitory effect on both EBOV-GP and SARS-CoV-S pseudotyped viruses, were tested for their cytotoxic effect on 293FT cells. 
An MTT assay was performed over 3 days using different concentrations of each compound (10 to 100 p,M) to assess cell viability. OD was measured at 595 nm. 
The cell viability calculated was normalized to the untreated control after subtracting the background. Error bars represent the SD from an experiment performed 
using triplicates. (B) Different concentrations of the selected noncytotoxic small molecule and its derivative were tested against the VSV-G pseudotyped virus, 
and the infection normalized to the untreated virus was calculated. Error bars represent SD from a representative experiment performed using triplicates. 


subfamily member 2 (TMPRSS2) has been shown to activate the 
entry of several viruses, including influenza virus (39,40), MERS- 
CoV (41), respiratory parainfluenza virus (42), and human coro- 
navirus 229E (43) and SARS-CoV natural infection and entry into 
pneumocytes, which is also activated by endosomal cathepsin L 


(14, 44, 45). Therefore, we tested the entry of the pseudotypes 
bearing SARS-CoV-S glycoprotein into 293FT cells expressing 
ACE2 receptor with or without TMPRSS2. We found a 1.5-fold 
increase in pseudotyped virus entry into cells expressing the 
TMPRSS2 membrane protease relative to the entry in cells with no 
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FIG 6 IC 50 s and CC 50 s of small molecules and commercial CatL inhibitor III. The small molecule 5705213 and its derivative 7402683 were tested for 
dose-dependent inhibition of the entry of pseudotypes bearing SARS-CoV-S and EBOV-GP. The concentration causing 50% entry inhibition was determined 
from the linear portion of the curve. The CC 50 was determined by MTT assay. (A) IC 50 of5705213 against SARS-CoV-S pseudotypes; (B) IC 5O of5705213 against 
EBOV-GP pseudotypes; (C) IC 50 of 7402683 against SARS-CoV-S pseudotypes; (D) IC 50 of 7402683 against EBOV-GP pseudotypes; (E) IC 50 of the commercial 
CatL inhibitor III against SARS-CoV-S pseudotypes; (F) IC 50 of the commercial CatL inhibitor III against EBOV-GP pseudotypes; (G) CC 50 of 5705213; (H) 
CC 50 of 7402683; (I) CC 50 of the commercial CatL inhibitor III. 
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FIG 7 Small molecule 5705213 and its derivative 7402683 inhibit in vitro CatL-mediated cleavage of SARS-CoV-S-Flag recombinant protein. (A) Dose- 
dependent cleavage of recombinant SARS-CoV-S-Flag protein by CatL. The SARS-CoV-S-Flag protein was incubated with 0.5,1, and 2 p,g/ml of CatL for 4 h at 
RT, and the cleavage of the protein was detected by Western blotting using anti-Flag mouse monoclonal antibody. (B and C) Inhibition of the CatL-mediated 
cleavage of SARS-CoV-S-Flag protein by the small molecules 5705213 and 7402683, respectively. The SARS-CoV-S-Flag protein was incubated with 2 p-g/ml of 
CatL for 4 h at RT in absence or in the presence of increasing concentration of the small molecules (10 to 320 p.M). The control (Ctrl) lane represents the S-Flag 
protein in the absence of the enzyme and inhibitor. CatL inhibitor I (CatL inh.) was used as a positive control of inhibition. Asterisks represent nonspecific bands. 


TMPRSS2 expression. However, the viral entry decreased upon 
increasing the amount of TMPRSS2 expression (Fig. 9A). This 
may be due to the nonspecific proteolytic effect of highly ex¬ 
pressed TMPRSS2 protease. 

Next, we tested the inhibitory effect of the small molecule 

A B 
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FIG 8 Endogenous processing of Nipah and Hendra virus fusion (F 0 ) proteins 
and entry of pseudotyped viruses are inhibited by the small molecule 5705213 
and its derivative 7402683. (A and B) Endogenous processing of Nipah and 
Hendra virus F 0 proteins, respectively, in the presence or absence of the small 
molecules 5705213 and 7402683. 293FT cells were transfected with Nipah or 
Hendra virus F 0 expression plasmid and then treated with the small molecules, 
at a concentration of 100 p,M, 4 h posttransfection. The cathepsin L inhibitor 
I (CatL inh.) was used as a control. The cells were lysed 48 h later, and F 0 
processing was determined by Western blotting using cross-reactive anti- 
Nipah and -Hendra virus F protein monoclonal antibody. F 0 represents un¬ 
cleaved fusion protein, while F, is the fusion subunit of the F 0 protein. (C) 
Pseudovirus entry inhibition assay. Nipah and Hendra pseudotyped virus en¬ 
try into 293FT cells in the presence of a 100 p.M concentration of each mole¬ 
cule was quantified by measuring luciferase expression at 72 h postransduc- 
tion. VSV-G pseudotyped virus was used as a negative control and Cat L inh. 1 
as a positive control. Error bars are SD from a representative experiment per¬ 
formed using triplicates. 


5705213, a commercial protease inhibitor (camostat) (36, 41), 
and a combination of both in 293FT cells expressing human 
ACE2, with or without the expression of TMPRSS2. As expected, 
the small molecule 5705213 and the commercial CatL inhibitor 
III, unlike the protease inhibitor, were able to inhibit the entry by 
75 and 60%, respectively, in the absence of the TMPRSS2. In the 
presence of TMPRSS2, a rescue of inhibition by the small mole¬ 
cule 5705213 and the commercial CatL inhibitor III was observed 
(Fig. 9B). The protease inhibitor inhibited the entry by 48%, while 
a combination of our small molecule and the protease inhibitor 
completely blocked the entry of pseudotypes bearing SARS- 
CoV-S. Our results are consistent with previously published data 
that showed complete blockage of SARS-CoV entry by a combi¬ 
nation of CatL inhibitor and TMPRSS2 inhibitor (36). This sug¬ 
gested that our identified small molecule 5705213 maybe used in 
combination with a commercial protease inhibitor to completely 
block SARS-CoV natural lung infection. 

The small molecule 5705213 is a mixed inhibitor for CatL. 
We sought to determine the nature of the lead small molecule inhib¬ 
itor 5705213 using an enzyme assay based on Michaelis-Menten ki¬ 
netics. The Lineweaver-Burk plot provides a graphical way for anal¬ 
ysis of the Michaelis-Menten equation, V = V max [S]/K m + [S]; 
taking the reciprocal gives 1/V = K m + [S]/V max [S] = KJV max ■ 
1/[S] + 1/V max (where Vis the reaction velocity, is the Michaelis- 
Menten constant, V max is the maximum reaction velocity, [S] is the 
substrate concentration, and K m /V max is the slope). Accord¬ 
ingly, different concentrations (2 to 64 p-M) of labeled peptides 
were incubated with 0.5 pg/ml of CatL in the presence or ab¬ 
sence of the small molecule 5705213. From the Lineweaver- 
Burk plot, we found that there was a dose-dependent increase 
of K m and a decrease in \7 max in the presence of the small mol¬ 
ecule (Fig. 10A to D). We additionally found that our small 
molecule 5705213 bound to the free enzyme with a higher af- 
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FIG 9 SARS-CoV pseudotyped vims entry is more inhibited by a combination of the small molecule 5705213 and protease inhibitor in cells expressing TMPRSS2 
protease. (A) Entry of pseudotyped SARS-CoV into 293FT cells transfected with the ACE2 plasmid either alone or in combination with increasing amounts of 
TMPRSS2 protease plasmid was measured. HIV/AE not expressing the SARS-CoV spike (S) protein was used as a negative control. Entry was quantified by 
measuring the luciferase expression as relative light units (RLU) in cell lysates prepared at 72 h postransduction. Error bars are SD from a representative 
experiment performed using triplicates. (B) Entry of pseudotyped SARS-CoV into 293FT cells, transfected with either the ACE2 receptor plasmid or receptor plus 
10 ng of TMPRSS2 plasmid, in the presence or absence (mock) of different inhibitors. Cathepsin L Inhibitor III (CatL Inh. Ill) and camostat mesylate as a serine 
protease inhibitor (Protease Inh.) were used at 10 p,M, while the small molecule 5705213 was used at 50 p,M. Error bars are SD from a representative experiment 
performed using triplicates. 


finity than to the enzyme-substrate complex (Fig. 10E). These 
results suggested that the identified small molecule is a mixed 
inhibitor based on currently established kinetics. 

The small molecule 5705213 and its derivative 7402683 are 
more specific inhibitors of CatL than CatB. Next we used a com¬ 
mercial kit from Anaspec Inc. for measuring cathepsin B (CatB) 
activity and to test if our identified small molecules can inhibit 
CatB as well. Compared to the results of a CatL inhibition assay 
using our SARS-CoV-S-derived labeled peptide, we found that the 
small molecule 5705213 and its derivative 7402683 inhibited the 
cathepsin B activity by 16.4% and 38%, respectively, at a 50 p,M 
concentration. The inhibition was 43.5% and 65%, respectively, at 
a 200 p,M concentration (Fig. 11). The inhibitions observed for 
CatB was lower than those for CatL at the same concentrations of 
the small molecules (ranging from 64 to 95%) (Fig. 11). These 
results suggest that our small molecules are more specific and have 
higher affinity to CatL than to CatB. 

DISCUSSION 

There is no effective therapy for infections with SARS-CoV, 
EBOV, HeV, and NiV, which are highly infectious zoonotic vi¬ 
ruses with high case-fatality rates. SARS-CoV belongs to family 
Coronaviridae (7), EBOV belongs to family Filoviridae (8), and 
NiV and HeV are closely related and belong to the genus Henipa- 
viruses within the Paramyxoviridae family (9, 10, 46, 47). Several 
studies have described inhibitors for different viruses, including 
monoclonal antibodies and small molecules (48-51). In this 
study, we screened a library of small molecules using a novel 
HTSA that we developed, and we discovered a small molecule that 
could inhibit the entry of the above-mentioned pseudotyped vi¬ 
ruses into mammalian cells by blocking the cleavage of the viral 
glycoproteins. Additionally, we show that this broad-spectrum 


antiviral small molecule is a mixed inhibitor of CatL and appears 
to be a suitable candidate for future optimization and develop¬ 
ment into a potent broad-spectrum antiviral against SARS-CoV, 
EBOV, HeV, and NiV. 

There have been several attempts to discover potent inhibitors 
of SARS-CoV, EBOV, HeV, and NiV. For example, some novel 
inhibitors of papain-like protease which inhibited live SARS-CoV 
infection of Vero E6 cells were described (52). Another group has 
described a small molecule named oxocarbazate which blocks hu¬ 
man CatL, thus inhibiting the entry of pseudotypes bearing SARS- 
CoV-S or EBOV-GP glycoproteins into human embryonic kidney 
293T cells (53). In another study, highly potent inhibitors of hu¬ 
man CatL were identified by screening combinatorial pentapep- 
tide amide collections (54). However, whether these inhibitors 
affect the processing of host protein substrates of CatL has not yet 
been evaluated, and thus the potential undesirable side effects are 
unknown. CatL is an important host protease involved in process¬ 
ing and biosynthesis of neuropeptides such as proenkephalin, 
pro-neuropeptide Y (pro-NPY), prodynorphin, and proganalin 
(32, 33). However, this enzyme action has been hijacked by differ¬ 
ent viruses to gain entry into the target cells. Thus, directly block¬ 
ing CatL enzymatic activity is likely to have undesirable side effects 
on human health. However, the novel approach presented in this 
study allowed us to identify lead small molecules that can selec¬ 
tively inhibit CatL-mediated cleavage of several viral glycopro¬ 
teins and thus prevent viral entry into the cell without affecting its 
ability to process host proteins. It is unlikely that the identified 
inhibitors directly bound to the peptide substrates because they 
are short and likely lack tertiary structure. A lower binding affinity 
of CatL to viral peptides than to host peptides could be responsible 
for the selective inhibition of CatL cleavage of viral proteins and 
not the host proteins by the identified small molecules. 
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FIG 10 Small molecule 5705213 is a mixed enzyme inhibitor and has more affinity to free enzyme than to enzyme-substrate complex. (A to D) Lineweaver-Burk 
plots. Different concentrations (2 to 64 p.M) of labeled SARS-CoV-derived peptide (A), labeled Ebola virus-derived peptide (B), labeled Hendra virus-derived 
peptide (C), and labeled Nipah virus-derived peptide (D) were incubated with 0.5 p-g/ml of CatL for 40 min in the presence or absence of the small molecule 
5705213. The reaction was stopped with 0.5 M acetic acid, after which the fluorescence was measured at 535 nm after excitation at 485 nm. The velocity of the 
reaction was calculated as fluorescence units/min. The reciprocal of substrate concentration was plotted against the reciprocal of velocity to get the Lineweaver- 
Burk plot. The K m was calculated from they intercept and slope ( K n JV mai .) in absence and in the presence of the inhibitor. (E) Binding affinity of the small 

molecule 5705213. The small molecule at a 50 or 100 |xM concentration was mixed with the substrate SARS-CoV-derived peptide, the enzyme was added and 
mixed, and then the mixture was added to the substrate, or the inhibitor was added after the enzyme was added to the substrate. The percentages of inhibition 
were calculated. Asterisks indicate a significant difference with a Rvalue of 0.0002 to 0.006. ns, nonsignificant. 


This speculation was supported by the finding that the rates 
of cleavage of viral peptides were substrate dependent and 
lower than the rate of host pro-NPY cleavage. This was further 
validated by testing the cleavage of viral, host peptide F, and 
pro-NPY peptides using different CatL concentrations (0.25, 
0.5, and 1 |xg/ml). Although the SARS-CoV-S-derived peptide 
was more rapidly cleaved than the other viral peptides, inter¬ 
estingly, the rate of cleavage of the pro-NPY-derived peptide 
was higher than the rate of cleavage of all viral peptides. This 
difference in the cleavage rate may be due to differences in the 
amino acids flanking the CatL cleavage sites in the viral pep¬ 
tides, which are hydrophobic, while they are hydrophilic in 


pro-NPY. The rapid cleavage of pro-NPY-derived peptide rel¬ 
ative to viral peptides suggests that the viruses have evolved to 
exploit the host machinery to establish infection. 

The results from the pseudotyped virus entry inhibition assays 
showed higher inhibition to pseudotyped virus bearing SARS- 
CoV-S glycoprotein by the small molecule 5705213 and its deriv¬ 
ative 7402683. Other small molecules showed unexpected en¬ 
hancement of SARS-CoV-S pseudotyped virus entry. The reason 
for such enhancement is not known. The MTT-based cell cytotox¬ 
icity assay showed that small molecule 5705213 and its derivative 
7402683 (unlike small molecules 7914021 and 5182554) are not 
cytotoxic even at the highest concentration used, which thus in- 
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FIG 11 The small molecules 5705213 and 7402683 are more specific inhibi¬ 
tors of CatL than CatB. The small molecules were tested in different concen¬ 
trations (50 to 200 (jlM) for inhibition of CatB activity in an in vitro activity 
assay (Anaspec Inc.) The percentages of inhibition were calculated for each 
inhibitor. The inhibition of CatB activity was compared to the inhibition of 
CatL activity against SARS-CoV-S-derived peptide in the presence of a 50 to 
200 pM concentration of the small molecules 5705213 and 7402683. The CatL 
inhibitor III and CatB inhibitor were used as controls in the CatL and CatB 
assays, respectively. The experiment was performed in triplicates and repeated 
thrice with similar results. Error bars represent SD from a representative ex¬ 
periment. 

dicated that their inhibitory effect was specific. Moreover, these 
small molecules inhibited the SARS-CoV-S recombinant protein 
cleavage in vitro and the endogenous processing of the HeV and 
NiV F 0 proteins. The specificity of their action was further con¬ 
firmed when these small molecules inhibited the entry of pseu¬ 
dotypes bearing the EBOV-GP and SARS-CoV-S but not the entry 
of VSV-G pseudotyped virus. 

Several studies have described the role of TMPRSS2 membrane 
protease in SARS-CoV entry (44, 45, 55). The TMPRSS2 protease 
is expressed at multiple sites in the human respiratory and gastro¬ 
intestinal tracts (56). Thus, the entry of SARS-CoV in a typical 
infection would involve either a plasma membrane or endocytic 
pathway. Accordingly, a complete inhibition of SARS-CoV entry 
should involve blockage of both pathways. Therefore, we tested 
our identified inhibitor individually and in combination with a 
commercially available protease inhibitor. It was interesting to see 
a complete inhibition of the entry of the pseudotyped virus bear¬ 
ing the SARS-CoV-S into 293FT cells expressing both ACE2 re¬ 
ceptor and TMPRSS2 protease. Our results are consistent with a 
previous study which showed complete inhibition of SARS-CoV 
entry with a combination of CatL inhibitor and camostat (36) and 
confirmed the efficacy of our small molecule as an inhibitor of the 
CatL-mediated cleavage of viral proteins. They also showed the 
possibility of combining our small molecule with serine protease 
inhibitors to completely inhibit SARS-CoV infection. 

In determining the mechanism of action of the identified in¬ 
hibitor, we employed an enzyme assay based on Michaelis-Men- 
ten kinetics. Different enzyme inhibitors include (i) competitive, 
(ii) noncompetitive, (iii) uncompetitive, and (iv) mixed inhibi¬ 
tors. The type of the inhibitor is determined based on the change 
in enzyme reaction parameters (V max and K m ). For competitive 
enzyme inhibitors, there is an increase in K m and no change in 
V max . For noncompetitive inhibitors, a decrease in V max and no 
change in K m are observed. For uncompetitive inhibitors, a de¬ 
crease in both K m and V max are noted. A mixed enzyme inhibitor 
causes an increase in K m and a decrease in V max . The small mole¬ 
cule 5705213 is most likely a mixed inhibitor because it increased 
K m and decreased V max . Moreover, our small-molecule inhibitors 


appear to be more specific to CatL than to CatB. The future testing 
of these inhibitors against live viruses would be important and 
beneficial in developing them into potent broad-spectrum inhib¬ 
itors. Taken together, the present findings appear novel in that we 
identified small molecules that can be potentially developed into 
broad-spectrum antiviral drugs against a range of highly patho¬ 
genic viruses with minimal undesirable side effects. 
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